INTRODUCTION {#s1}
============

Three main approaches including cell fusion, somatic cell nuclear transfer (SCNT) and transcription-factor transduction have been developed to reprogram terminally differentiated somatic cells toward pluripotency, among which, SCNT can induce totipotency to produce cloned animals, with the great application prospect in the fields of agriculture, medicine, species conservation, etc \[[@R1]--[@R3]\]. However, to date, the cloning efficiency remains low, limiting SCNT-associated research and application \[[@R4]--[@R6]\].

The reason for the low cloning efficiency is considered to be the incomplete epigenetic reprogramming \[[@R5]\], among which, DNA methylation, the most studied epigenetic modification, can reflect the epigenetic reprogramming degree of SCNT embryos \[[@R7]--[@R9]\]. It has been shown that DNA methylation reprogramming in most SCNT embryos is aberrant, leading to the continuous expression of tissue specific genes and inefficient activation of genes essential for the embryonic development, thereby reducing the developmental competence of SCNT embryos \[[@R5], [@R8]\].

Generally, it is thought that the incomplete DNA methylation reprogramming in SCNT embryos can be due to that tissue specific genes in donor cells sustain their fate against nuclear reprogramming induced by oocyte factors \[[@R6]\]. Presently, certain repressive factors, such as Dnmt1, Dnmt3L and H3K9me3, have been identified, but the regulatory mechanism is not well clarified in SCNT embryos \[[@R10]--[@R12]\]. As the most studied repressive factor, the maintenance DNA methyltransferase Dnmt1 is thought to be closely associated with the aberrant development of SCNT embryos, however, whether there is a positive relationship between the disrupted expression of Dnmt1 and the incomplete DNA methylation reprogramming still needs to be determined \[[@R12], [@R13]\].

Furthermore, Dnmt1 gene locus encodes three isoforms by alternative usage of multiple first exons: Dnmt1s (somatic form), Dnmt1o (oocyte specific form) and Dnmt1p (the form in pachytene spermatocytes) \[[@R14]\]. Among these isoforms, Dnmt1o is the only form before zygotic genome activation (ZGA) and Dnmt1s is zygotic origin. As Dnmt1s is expressed in somatic cells, SCNT embryos have to contain the unwanted Dnmt1s before ZGA. Given that the developmental block of SCNT embryos appears at the ZGA stage, it is speculated that Dnmt1s, deriving from donor cells, could probably be the cause \[[@R8]\]. Although previous studies have identified a number of dysregulated genes during ZGA, whether Dnmt1s in somatic cells brings an effect on Dnmt1o and zygotic Dnmt1s, what are the reprogramming patterns of Dnmt1s and Dnmt1o, and how Dnmt1s regulates the development of SCNT embryos remain unknown.

Our previous studies have reported that reducing Dnmt1 expression by epigenetic modification agents or siRNA technology in SCNT embryos improves DNA methylation reprogramming and enhances the embryonic development, whereas Dnmt1o knockdown in MII stage oocytes has no significant effect on the SCNT efficiency, indicating that the disrupted DNA methylation reprogramming in SCNT embryos is closely associated with Dnmt1s in donor cells \[[@R15], [@R16]\]. To better understand the role of donor cell Dnmt1s in SCNT-mediated DNA methylation reprogramming, we investigated the reprogramming pattern of Dnmt1s and its effect on DNA methylation reprogramming in SCNT embryos. Our results demonstrated that in response to the high Dnmt1 expression, the developmental block and incomplete genomic DNA methylation reprogramming in SCNT embryos occurred during ZGA. Further, the reprogramming pattern of Dnmt1s not Dnmt1o was disrupted in SCNT embryos. Moreover, Dnmt1s knockdown in donor cells improved SCNT-mediated genomic and gene-specific DNA methylation reprogramming and the expression of embryonic development related genes, thereby enhancing the development of SCNT embryos. Overall, Dnmt1s in donor cells is considered to impair the development of SCNT embryos through disrupting DNA methylation reprogramming. This work provides a clear insight into the regulatory mechanism of Dnmt1s in SCNT-mediated DNA methylation reprogramming, and would have important implications in improving cloning efficiency.

RESULTS {#s2}
=======

Abnormal ZGA was associated with the disrupted Dnmt1 expression in 4-cell SCNT embryos {#s2_1}
--------------------------------------------------------------------------------------

Our previous studies have shown that compared with those in IVF embryos, low embryonic development and incomplete DNA methylation reprogramming occurred in SCNT embryos \[[@R17], [@R18]\]. Here, we further demonstrated that the percentage of SCNT embryos arrested before ZGA was significantly higher than that of IVF embryos during ZGA (Figure [1A1](#F1){ref-type="fig"} and [1A2](#F1){ref-type="fig"}, 49.68% vs 37.50%, P\<0.05), and, Dnmt1 expression level was also significantly upregulated in SCNT embryos (Figure [1B](#F1){ref-type="fig"}, P\<0.05). Moreover, SCNT embryos displayed the significantly higher genomic methylation level than IVF embryos during ZGA (Figure [1C1](#F1){ref-type="fig"} and [1C2](#F1){ref-type="fig"}, 40.28% vs 20.56%, P\<0.05). Taken together, these results suggested that aberrant Dnmt1 expression may contribute to the incomplete genomic methylation reprogramming, further leading to the abnormal ZGA in SCNT embryos.

![Abnormal ZGA in 4-cell SCNT embryos\
**(A1)**, the morphology of IVF and SCNT 4-cell embryos, **(A2)**, the percentages of IVF and SCNT embryos arrested before the 4-cell stage after 48 h culture, **(B)**, relative Dnmt1 transcripts in IVF and SCNT 4-cell embryos, **(C1)**, CenRep methylation statuses in IVF and SCNT 4-cell embryos, and **(C2)**, CenRep methylation levels in IVF and SCNT 4-cell embryos. SCNT embryos displayed the developmental block, disrupted Dnmt1 expression and incomplete genomic DNA methylation reprogramming during ZGA. The number of embryos detected was on the top of the column chart. Black or white circles indicate methylated or unmethylated CpG sites, respectively, and gray circles represent mutated and/or SNP variation at certain CpG sites. ^a-b^Values in the same group with different superscripts differ significantly (P\<0.05).](oncotarget-08-34980-g001){#F1}

Dnmt1s, not Dnmt1o, displayed the disrupted DNA methylation and expression patterns in SCNT embryos {#s2_2}
---------------------------------------------------------------------------------------------------

To determine whether Dnmt1o or Dnmt1s is associated with the abnormal ZGA and low development of SCNT embryos, DNA methylation and mRNA expression patterns of Dnmt1o and Dnmt1s were investigated. The distribution of CpG sites in the upstream of Dnmt1o or Dnmt1s TSS were first analyzed using the MethPrimer program, and 1 CpG island or 2 CpG islands in the Dnmt1o or Dnmt1s upstream was observed, respectively ([Supplementary Figure 1A1](#SD1){ref-type="supplementary-material"} and [1B1](#F1){ref-type="fig"}). Then, the methylation statuses of different regions of Dnmt1o (Region I, Region II, Region III and Region IV) and Dnmt1s (Region I and Region II) in sperms, oocytes (only Dnmt1o expression) and PFFs (only Dnmt1s expression) were examined ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Compared with that of sperms or PFFs, oocyte methylation level was significantly lower in Region II, Region III or Region IV but not significantly different in Region I of Dnmt1o ([Supplementary Figure 1A2](#SD1){ref-type="supplementary-material"} and [1A3](#SD1){ref-type="supplementary-material"}, P\<0.05), and PFFs methylation level in Region I or Region II of Dnmt1s displayed no significant difference from that of sperms or oocytes ([Supplementary Figure 1B2](#SD1){ref-type="supplementary-material"} and [1B3](#SD1){ref-type="supplementary-material"}), suggesting that Region II (6 CpG sites), Region III (5 CpG sites) and Region IV (3 CpG sites) of Dnmt1o could represent the differentially methylated region (DMR) of Dnmt1 including Dnmt1s, and the methylation level of Dnmt1 including these three DMRs was negative with Dnmt1o expression but positive with Dnmt1s transcription.

In IVF embryos, Dnmt1 took on a gradual demethylation from the 1-cell to ZGA stage and remethylation from the ZGA to blastocyst stage, respectively, and Dnmt1 methylation level during ZGA was significantly lower than those in 1-cell and blastocyst embryos (Figure [2A1](#F2){ref-type="fig"} and [Supplementary Figure 2A](#SD1){ref-type="supplementary-material"}, P\<0.05). As for the individual Region II, Region III or Region IV in IVF embryos, a similar dynamic to the whole Dnmt1 methylation pattern was observed ([Supplementary Figure 2C1](#SD1){ref-type="supplementary-material"}). After SCNT (Figure [2A1](#F2){ref-type="fig"} and [Supplementary Figure 2B](#SD1){ref-type="supplementary-material"}), Dnmt1 displayed a gradual demethylation from the 1-cell to 8-cell stage, and an upward trend from the 8-cell to blastocyst stage, and Dnmt1 methylation level during ZGA was significantly lower than that in 1-cell embryos (P\<0.05). And, Dnmt1 methylation pattern in the individual Region II, Region III or Region IV was also similar to the overall trend in SCNT embryos ([Supplementary Figure 2C2](#SD1){ref-type="supplementary-material"}). When comparing the individual developmental stage between SCNT and IVF embryos (Figure [2A1](#F2){ref-type="fig"} and [2A2](#F2){ref-type="fig"}), Dnmt1 took on significantly higher DNA methylation levels from the 1-cell to 8-cell stage and a markedly lower methylation status at the blastocyst stage of SCNT embryos (P\<0.05), and, Region II, Region III or Region IV of Dnmt1 also displayed this altered pattern ([Supplementary Figure 2C2](#SD1){ref-type="supplementary-material"}). Thus, Dnmt1 displayed a pattern of delayed demethylation and failed remethylation in SCNT embryos.

![DNA methylation and expression levels of Dnmt1o and Dnmt1s in IVF and SCNT embryos\
**(A1)**, the methylation statuses of Dnmt1 at 1-cell, 2-cell, 4-cell, 8-cell and blastocyst stages of IVF and SCNT embryos, **(A2)**, the methylation levels of Dnmt1 in the IVF and SCNT groups, **(B1)**, relative Dnmt1o transcripts at the 1-cell, 2-cell, 4-cell, 8-cell and blastocyst stages of IVF and SCNT embryos, and, **(B2)**, relative Dnmt1s expression in the IVF and SCNT groups. SCNT embryos displayed incomplete reprogramming of Dnmt1s methylation and expression. Black or white circles indicate methylated or unmethylated CpG sites, respectively. The transcript abundance in MII oocytes (B1) or IVF 4-cell embryos (B2) was considered to be the control. The data were expressed as mean ± SEM. ^a-b^ Values at a given stage with different superscripts differ significantly (P\<0.05).](oncotarget-08-34980-g002){#F2}

To further identify whether Dnmt1o or Dnmt1s reprogramming pattern is disrupted in SCNT embryos, we examined Dnmt1o and Dnmt1s transcription ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"} and Figure [2](#F2){ref-type="fig"}). In IVF embryos, Dnmt1o transcription significantly and progressively decreased, Dnmt1s expression markedly increased from the 1-cell to blastocyst stage ([Supplementary Figure 3B1](#SD1){ref-type="supplementary-material"} and [3B2](#SD1){ref-type="supplementary-material"}, P\<0.05), and, the ratio of Dnmt1s to Dnmt1o displayed that the main form was Dnmt1o before the 8-cell stage and Dnmt1s in blastocysts, respectively ([Supplementary Figure 3B3](#SD1){ref-type="supplementary-material"}). In SCNT embryos, Dnmt1o expression and the ratio of Dnmt1s to Dnmt1o took on similar patterns to those in IVF embryos ([Supplementary Figure 3B1](#SD1){ref-type="supplementary-material"} and [3B3](#SD1){ref-type="supplementary-material"}), while Dnmt1s transcription significantly decreased from the 1-cell and ZGA stage, and increased in blastocysts ([Supplementary Figure 3B2](#SD1){ref-type="supplementary-material"}, P\<0.05). When Dnmt1 expression was compared between IVF and SCNT embryos, no significant differences of Dnmt1o transcription were observed (Figure [2B1](#F2){ref-type="fig"}), but Dnmt1s expression was significantly upregulated from the 1-cell to ZGA stage and downregulated at the 8-cell and blastocyst stages of SCNT embryos (Figure [2B2](#F2){ref-type="fig"}, P\<0.05). These results demonstrated that Dnmt1s expression was aberrant in SCNT embryos, further supporting that Dnmt1s methylation reprogramming was incomplete in SCNT embryos. Thus, the upregulated Dnmt1s transcription resulting from its high DNA methylation could lead to abnormal ZGA, and further, inefficient expression of zygotic Dnmt1s would probably result in the poor quality of SCNT blastocysts ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). Overall, DNA methylation reprogramming and expression patterns of Dnmt1s were disrupted in SCNT embryos, blocking the ZGA and subsequent embryonic development.

Dnmt1s knockdown in donor cells reduced the developmental arrest and improved the subsequent development of SCNT embryos {#s2_3}
------------------------------------------------------------------------------------------------------------------------

To remove Dnmt1s from SCNT embryos before ZGA, Dnmt1s in donor cells should be effectively knocked down. Then, we transfected PFFs with various volume Lipofectamine 2000 and different concentration FITC-labeled Oligo to optimize the transfection condition of Dnmt1s-siRNA, and the combination of 1.5 μl or 2 μl Lipo 2000 and 50 nM or 100 nM FITC-Oligo resulted in the high integrated optical density of FITC ([Supplementary Figure 5A-5C](#SD1){ref-type="supplementary-material"}), however, compared with the control group, 2 μl Lipo 2000 significantly reduced the cell number of PFFs ([Supplementary Figure 5D](#SD1){ref-type="supplementary-material"}, 1.58×10^4^ vs 2.02×10^4^, P\<0.05), thus, a combination of 1.5 μl Lipo 2000 and 50 nM siRNA could be optimal to knock Dnmt1s down in donor cells. When Dnmt1s-siRNA was transfected into PFFs, Dnmt1s transcription was significantly downregulated with the increasing time of culture (Figure [3A](#F3){ref-type="fig"} and [Supplementary Figure 6](#SD1){ref-type="supplementary-material"}, 55.65%, 40.02%, 20.33%, 15.35% or 16.59% at 9 h, 18 h, 36 h, 54 h or 72 h vs 100.10% at 0 h, respectively, P\<0.05) and the high reduction occurred at 36 h, 54 h or 72 h posttransfection, however, Dnmt1s knockdown for 54 h or 72 h significantly reduced the cell number of PFFs (Figure [3B](#F3){ref-type="fig"}, 4.03×10^4^ in the siRNA-positive group vs 5.48×10^4^ or 5.13×10^4^ in the control or siRNA-negative group for 54 h, or 4.63×10^4^ vs 6.90×10^4^ or 6.30×10^4^ for 72 h, respectively, P\<0.05) and the fusion rate of reconstructed embryos (Figure [3C](#F3){ref-type="fig"}, 55.25% in the siRNA-positive group vs 69.08% or 66.43% in the control or siRNA-negative group for 54 h, or 31.54% vs 76.54% or 69.29% for 72 h, respectively, P\<0.05). Together, donor cells with Dnmt1s knockdown for 36 h were suitable for SCNT.

![The development of SCNT embryos derived from donor cells with Dnmt1s knockdown\
**(A)**, Dnmt1s expression in PFFs at 9 h, 18 h, 36 h, 54 h or 72 h of Dnmt1s-siRNA transfection. **(B)**, cell number of PFFs at 9 h, 18 h, 36 h, 54 h or 72 h of Dnmt1s-siRNA transfection. **(C)**, the fusion rate of SCNT embryos derived from donor cells with 36 h, 54 h or 72 h Dnmt1s-siRNA transfection. The number of reconstructed embryos detected was on the top of the column chart. **(D)**, SCNT blastocysts. **(D1)**, **(D2)** and **(D3)**, SCNT blastocysts derived from donor cells untransfected, transfected with the control siRNA or Dnmt1s-siRNA for 36 h, respectively. **(E)**, the percentage of SCNT embryos arrested before ZGA after donor cells transfected with Dnmt1s-siRNA for 36 h. Dnmt1s knockdown in donor cells improved the development of SCNT embryos. The number of cloned embryos detected was on the top of the column chart. The data were expressed as mean ± SEM. ^a-d^Values in a certain group with different superscripts differ significantly (P\<0.05).](oncotarget-08-34980-g003){#F3}

When these Dnmt1s-knockdown donor cells were used, the blastocyst rate in the siRNA-positive group was significantly higher than that in the control or siRNA-negative group (Figure [3D](#F3){ref-type="fig"} and Table [1](#T1){ref-type="table"}, 31.33% vs 20.37% or 21.50%, P\<0.05). Notably, the rate of SCNT embryos arrested before ZGA in the siRNA-positive group were significantly reduced (Figure [3E](#F3){ref-type="fig"}, 30.41% vs 45.37% or 46.40% in the control or siRNA-negative group, P\<0.05). These results suggested that Dnmt1s in donor cells can be effectively removed by siRNA, and Dnmt1s removal from donor cells improved the development of SCNT embryos.

###### Development of SCNT embryos derived from donor cells with Dnmt1s knockdown

  Group             No. embryoscultured (Rep.)   No. embryos cleaved(% ± SEM)   No. blastocysts(% ± SEM)   Blastocystcell numbers(mean ± SEM) \*
  ----------------- ---------------------------- ------------------------------ -------------------------- ---------------------------------------
  control           163 (5)                      138 (84.75 ± 1.98)             33 (20.37 ± 1.15)^a^       35 ± 2 (n=32)
  siRNA- negative   167 (5)                      139 (83.23 ± 1.43)             36 (21.50 ± 1.06)^a^       34 ± 3 (n=34)
  siRNA- positive   176 (5)                      153 (87.28 ± 1.73)             55 (31.33 ± 1.49)^b^       38 ± 3 (n=29)

\*Blastocyst cell numbers, less than 16, were not included, and 25 blastocysts in the siRNA-positive group were used for molecular analysis.

^a-b^Values in the same column with different superscripts differ significantly (P \< 0.05).

Dnmt1s knockdown in donor cells was benefit for SCNT-mediated DNA methylation reprogramming during ZGA and further in blastocysts {#s2_4}
---------------------------------------------------------------------------------------------------------------------------------

As shown in Figure [4](#F4){ref-type="fig"}, compared with those in the control or siRNA-negative group, DNA methylation level of Dnmt1s was lower, and Dnmt1s transcription was significantly downregulated during ZGA (Figure [4A1-4A](#F4){ref-type="fig"}3, P\<0.05), responding to the reduced arrest of SCNT embryos, and significantly higher levels of Dnmt1s methylation and expression were observed at the blastocyst stage in the siRNA-positive group (Figure [4A1-4A](#F4){ref-type="fig"}3, P\<0.05), indicating that zygotic Dnmt1s could be essential for the subsequent development of SCNT embryos after ZGA. Thus, Dnmt1s knockdown in donor cells improved itself reconstruction of DNA methylation and transcription during ZGA and further in blastocysts.

![Dnmt1s and genome DNA methylation and expression levels in SCNT embryos after Dnmt1s knockdown in donor cells\
**(A1)**, DNA methylation statuses of Dnmt1s at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group, **(A2)**, DNA methylation levels of Dnmt1s at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group, **(A3)**, relative Dnmt1s expression levels at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group, **(B1)**, genomic DNA methylation status at the 4-cell stage in the control, siRNA-negative or siRNA-positive group, **(B2)**, genomic DNA methylation level at the 4-cell stage in the control, siRNA-negative or siRNA-positive group, and, **(B3)**, relative Eif1a expression level at the 4-cell stage in the control, siRNA-negative or siRNA-positive group. Dnmt1s knockdown in donor cells improved Dnmt1s and genome DNA methylation reprogramming and expression levels in SCNT embryos. Black or white circles indicate methylated or unmethylated CpG sites, respectively, and gray circles represent mutated and/or single nucleotide polymorphism (SNP) variation at certain CpG sites. The expression abundance of Dnmt1s (A3) or Eif1a (B3) at the 4-cell stage in the control group was considered to be the control. The data were expressed as mean ± SEM. ^a-b^Values at a given stage with different superscripts differ significantly (P\<0.05).](oncotarget-08-34980-g004){#F4}

As for genomic methylation reprogramming, the siRNA-positive group took on the significantly lower methylation level and higher Eif1a expression during ZGA in comparison with the control or siRNA-negative group (Figure [4B1-4B](#F4){ref-type="fig"}3, P\<0.05), suggesting that Dnmt1s in donor cells blocks the development of SCNT embryos through disrupting DNA methylation reprogramming.

Then, DNA methylation and expression patterns of pluripotent genes (Oct4, Nanog and Sox2) were also examined. The distribution of CpG sites and methylation statuses of different CpG regions in the upstream of Sox2 TSS were first analyzed, and according to the methylation statuses and expression patterns in sperms, oocytes, PFFs and IVF blastocysts, Region II including 44 CpG sites could represent the DMR of Sox2 ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). After Dnmt1s knockdown in donor cells, SCNT embryos displayed the significantly downregulated DNA methylation levels of Oct4, Nanog and Sox2 and upregulated expression of Nanog and Sox2 during ZGA in the siRNA-positive group compared with the control or siRNA-negative group, further leading to the significantly reduced Oct4 and Sox2 methylation levels and increased Oct4, Nanog and Sox2 expression in blastocysts (Figure [5](#F5){ref-type="fig"}, P\<0.05), and more, the transcription levels of Dnmt3a, Cdx2, ATP1b1 and Bcl2l1/Bax were also significantly improved in blastocysts ([Supplementary Figure 8](#SD1){ref-type="supplementary-material"}, P\<0.05). Therefore, donor cell Dnmt1s removal remarkably promoted the activation of genes required for embryonic development by improving DNA methylation reprogramming in SCNT embryos.

![DNA methylation and expression levels of pluripotent genes in SCNT embryos after Dnmt1s knockdown in donor cells\
**(A)**, DNA methylation statuses of Oct4, Nanog and Sox2 at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group, **(B)**, DNA methylation levels of Oct4, Nanog and Sox2 at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group, and, **(C)**, relative expression levels of Oct4, Nanog and Sox2 at the 4-cell and blastocyst stages in the control, siRNA-negative or siRNA-positive group. Dnmt1s knockdown in donor cells promoted DNA methylation reprogramming and expression of Oct4, Nanog and Sox2 in SCNT embryos. Black or white circles indicate methylated or unmethylated CpG sites, respectively, and gray circles represent mutated and/or single nucleotide polymorphism (SNP) variation at certain CpG sites. The expression abundance of Oct4, Nanog or Sox2 at the 4-cell stage in the control group was considered to be the control. The data were expressed as mean ± SEM. ^a-b^Values for a given gene at a given stage with different superscripts differ significantly (P\<0.05).](oncotarget-08-34980-g005){#F5}

Overall, when Dnmt1s was effectively knocked down in donor cells, DNA methylation levels of Dnmt1s, genome and genes required for embryonic development were not obviously altered in PFFs ([Supplementary Figure 9](#SD1){ref-type="supplementary-material"}), but significantly improved in SCNT embryos, revealing that Dnmt1s in donor cells is a barrier to SCNT-mediated DNA methylation reprogramming.

DISCUSSION {#s3}
==========

Generally, incomplete DNA methylation reprogramming induced by SCNT can be due to the repressive factors present in donor cells \[[@R6]\]. Here, our results demonstrated that Dnmt1s in donor cells serves as a critical barrier for ZGA and genomic methylation reprogramming, leading to the developmental arrest of SCNT embryos, and removal of this barrier by siRNA enhances DNA methylation reprogramming, allows the efficient activation of genes required for embryonic development, and thus improves the SCNT efficiency (Figure [6](#F6){ref-type="fig"}).

![The potential mechanism of donor cell Dnmt1s blocking SCNT-mediated DNA methylation reprogramming\
Dnmt1s knockdown in donor cells improved the development of SCNT embryos by facilitating DNA methylation reprogramming and the expression of genes required for embryonic development.](oncotarget-08-34980-g006){#F6}

It has been reported that Dnmt1 expression is disrupted in SCNT embryos \[[@R19], [@R20]\]. Here, our study showed that SCNT embryos displayed the higher Dnmt1 level during ZGA, and coincidentally, incomplete genomic methylation reprogramming and the developmental block were associated with this expression pattern. Usually, the failed genomic methylation reprogramming leads to the inefficient activation of genes essential for embryonic development \[[@R8]\], resulting in the low SCNT efficiency, while, the improved Dnmt1 expression can enhance genomic methylation reprogramming and the development of SCNT embryos \[[@R17]\]. So, these data indicate that the developmental arrest of SCNT embryos could be the consequence of the aberrant Dnmt1 expression.

Currently, no evidence exists that which isoform blocks the development of SCNT embryos. Here, we identified the DMR of Dnmt1o or Dnmt1s, basically consistent with the status in mice \[[@R14]\], and distinguished the individual expression pattern of Dnmt1o or Dnmt1s by the first exon. Interestingly, Dnmt1s, not Dnmt1o, displayed the aberrant DNA methylation and transcription patterns during the development of SCNT embryos. Indeed, our previous study has reported that Dnmt1 knockdown in SCNT embryos enhances the SCNT efficiency, further suggesting that the high Dnmt1s expression before ZGA can be the cause of the developmental arrest of SCNT embryos \[[@R15]\]. Moreover, Dnmt1 knockdown in donor cells contributes to the developmental efficiency of SCNT embryos \[[@R12], [@R13]\]. In combination with the incomplete genomic methylation reprogramming during ZGA, Dnmt1s deriving from donor cells is speculated to perpetuate the high methylation status of donor cells and impede the SCNT efficiency.

To enhance the development of SCNT embryos, Dnmt1s in donor cells should be removed. Here, siRNA was applied, as Dnmt1 inhibitors may be off target and Dnmt1 knockout leads to embryonic lethality, and RNAi technology has been employed to reduce Dnmt1 expression in somatic cells \[[@R21]--[@R23]\]. As Dnmt1 is essential for cell survival and maintenance of DNA methylation, and the knockdown efficiency and embryo fusion rate must be considered, notably, only Dnmt1s knockdown with 36 h was adopted, though various time points were detected and Dnmt1s was effectively reduced in donor cells. After Dnmt1s removal, the developmental arrest of SCNT embryos was obviously overcome. Moreover, Dnmt1s deletion facilitated the subsequent SCNT embryo development. Thus, Dnmt1s in donor cells can be markedly removed by siRNA, benefiting the SCNT efficiency.

It is known that Dnmt1s functions as the maintenance of DNA methylation, then, the elevated genomic methylation level during ZGA should be the cause of the presence of Dnmt1s, brought by donor cells into SCNT embryos. In support of this assumption, the mechanism underlying that Dnmt1s knockdown in donor cells enhanced the SCNT efficiency should be that DNA methylation reprogramming process is improved. In this study, it was observed that Dnmt1s removal from donor cells promoted itself reconstruction of DNA methylation and genomic methylation reprogramming during ZGA, suggesting that Dnmt1s existing in donor cells impeded the development of SCNT embryos through interfering with DNA demethylation progress. Additionally, DNA methylation patterns of pluripotent genes were also improved during ZGA after Dnmt1s removal, further supporting that Dnmt1s in donor cells disrupted DNA methylation reprogramming in SCNT embryos. During SCNT-mediated reprogramming, pluripotent genes are critical for the establishment and maintenance of pluripotency \[[@R24]\], thus, the efficient activation of pluripotent genes resulting from the improved DNA methylation patterns helped SCNT embryos to overcome the developmental arrest. And more, Dnmt1s removal from donor cells improved DNA methylation and expression patterns of embryo development related genes, including zygotic Dnmt1s, at the blastocyst stage of SCNT embryos, indicating that zygotic Dnmt1s could be essential for the subsequent development of SCNT embryos \[[@R23]\]. Taken together, these data clearly demonstrated that Dnmt1s knockdown in donor cells overcame the developmental arrest and enhanced the subsequent development of SCNT embryos by facilitating DNA methylation reprogramming and gene expression.

Of course, Dnmt1s may also interact with other enzymes or pathways to regulate the development of SCNT embryos \[[@R25]--[@R27]\], and other factors could also participate in the SCNT-mediated DNA methylation reprogramming \[[@R8], [@R28], [@R29]\], thus, the mechanism underlying that Dnmt1s knockdown enhanced the SCNT efficiency still needs to be clarified.

In conclusion, our results revealed that Dnmt1s in donor cells blocks the development of SCNT embryos, and its removal by siRNA markedly enhanced SCNT-mediated genomic and gene-specific DNA methylation reprogramming and the expression of genes required for embryonic development, thus, Dnmt1s in donor cells is considered as a critical barrier to SCNT-mediated DNA methylation reprogramming, impairing the development of SCNT embryos.

MATERIALS AND METHODS {#s4}
=====================

Chemicals were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA), and disposable and sterile plasticware was obtained from Nunclon (Roskilde, Denmark), unless otherwise stated. All experiments were approved by the Animal Care Commission of Qingdao Agricultural University according to animal welfare laws, guidelines and policies. All surgery was performed under sodium pentobarbital anaesthesia, and all efforts were made to minimize suffering

Donor cell culture {#s4_1}
------------------

Donor cell culture has been described previously \[[@R30]\]. Briefly, porcine fetuses were obtained from a sow at day 35 of pregnancy after the sow was anaesthetized and sacrificed, then porcine fetal fibroblasts (PFFs) were isolated from the fetuses under sodium pentobarbital anaesthesia. After removal of fetal head, internal organs and limbs, the remaining tissues were finely minced into pieces, digested with 0.25% trypsin-0.04% ethylenediaminetetraacetic acid solution (GIBCO), and then dispersed in high glucose enriched Dulbecco\'s modified Eagle\'s medium (DMEM, GIBCO) containing 10% fetal bovine serum (FBS, GIBCO) and 1% penicillin-streptomycin (GIBCO). The dispersed cells were centrifuged, resuspended and cultured in DMEM. Until confluence, PFFs were digested, centrifuged, resuspended in FBS containing 10% dimethyl sulfoxide and stored in liquid nitrogen until use. Prior to SCNT, PFFs were thawed, cultured and subsequently used in 3-5 passages.

siRNA design, synthesis and transfection {#s4_2}
----------------------------------------

The design and synthesis of Dnmt1 specific siRNA have been reported in our study \[[@R16]\]. According to the requirement of Invitrogen Block-iT RNAi Designer and the information of Dnmt1s mRNA sequence, the stealth siRNA related to Dnmt1s cytosine-C5 specific DNA methylase domain was designed and synthesized (Invitrogen), and the sequence was GATAAGAAGTTTGTCAGCAACATCA. The negative sequence was GATGAAGGTTTGACTCAACAAATCA. Then, siRNAs were dissolved with Rnase free H~2~O to the concentration of 20 μM.

To determine the optimal transfection condition, various combinations of siRNA concentrations (25 nM, 50 nM and 100 nM FITC labeled nonsilencing siRNA, FITC-Oligo, Invitrogen) and transfection reagent volumes (0.5 μl, 1 μl, 1.5μl and 2 μl Lipofectamine 2000, Lipo 2000, Invitrogen) were examined. Before transfection, PFFs were cultured in 400 μl Opti-MEM (GIBCO), 0.5 μl, 1 μl, 1.5μl or 2 μl Lipo 2000 was added into Opti-MEM and incubated at room temperature for 5 min, 20 μM FITC-Oligo was diluted into 250 nM, 500 nM or 1000 nM with Opti-MEM, then, 100 μl FITC-Oligo-Lipo 2000 complexes was obtained through a mixture of 50 μl Opti-MEM with 250 nM, 500 nM or 1000 nM FITC-Oligo and 50 μl Opti-MEM with 0.5 μl, 1 μl, 1.5μl or 2 μl Lipo 2000, incubated at room temperature for 30 min and added into each 24-well culture plate with PFFs and 400 μl Opti-MEM. After 6 h, the medium including FITC-Oligo-Lipo 2000 complexes was replaced by DMEM containing 10% FBS and 1% penicillin-streptomycin. And, 36 h posttransfection, PFFs were observed and photographed under a fluorescence microscope, and the fluorescence intensities were analyzed using Image Pro Plus. Then, Dnmt1s specific siRNA was transfected into PFFs under the optimal condition. The interference efficiency was examined at 9 h, 18 h, 36 h, 54 h or 72 h posttransfection, respectively. The negative siRNA with the same amount was transfected as a control.

To measure cell proliferation after siRNA transfection, PFFs were harvested at 9 h, 18 h, 36 h, 54 h or 72 h, respectively, and the cell number at every time point was determined with a hemacytometer. Then, the siRNA transfection manner with Dnmt1s significant knockdown but no effect of cell proliferation was applied in the subsequent experiments.

Oocyte *in vitro* maturation {#s4_3}
----------------------------

Oocyte maturation has been reported \[[@R30]\]. Briefly, porcine ovaries were collected from a local slaughterhouse. Just after exposure, ovaries were placed into physiological saline with antibiotics at 37 °C and transported to the laboratory. Follicles were aspirated, and follicular contents were washed with HEPES-buffered Tyrode\'s lactate. Cumulus-oocyte complexes (COCs) were recovered and cultured in maturation medium. After 42 h, COCs were vortexed in hyaluronidase for 30 sec to remove cumulus cells. Only oocytes with the visible polar body, regular morphology and homogenous cytoplasm were used.

IVF and SCNT, and embryo culture {#s4_4}
--------------------------------

The procedures for IVF and SCNT have been described in our reports \[[@R15], [@R30]\]. Briefly, for IVF, the semen was incubated and washed in DPBS supplemented with BSA. The spermatozoa were diluted with modified Tris-buffered medium (mTBM) to the appropriate concentration. Matured oocytes were washed in mTBM, transferred into fertilization medium and co-incubated with spermatozoa. Then, the embryos were washed and cultured in porcine zygote medium-3 (PZM-3) for the subsequent development. For SCNT, matured oocytes and donor cells were placed into manipulation medium. After oocyte enucleation, donor cells were placed into the perivitelline space. Fusion and activation of the cell-cytoplast complexes were induced by electroporation. Then, the reconstructed embryos were cultured in PZM-3 for the subsequent development.

Embryo development and collection {#s4_5}
---------------------------------

The fusion, cleavage and blastocyst rates were evaluated at 0.5 h, 48 h and 156 h postactivation, respectively.

For blastocyst cell number, embryos at 156 h postactivation were treated with acidic Tyrode\'s solution to remove zona pellucida, fixed in 4% paraformaldehyde for 30 min, and stained in DPBS containing 10 μg/ml Hoechst 33342 for 5 min in the dark. After staining, cloned embryos were washed and mounted on slides. Then, blastocyst cell number was examined under ultraviolet light from a fluorescence microscope.

For embryo collection, 1-cell, 2-cell, 4-cell, 8-cell and blastocyst embryos in each group were collected at 6 h, 24 h, 48 h, 72 h and 156 h, respectively.

Quantitative real-time PCR {#s4_6}
--------------------------

Measurement of gene expression with quantitative real-time PCR has been applied in our studies \[[@R19], [@R30]\]. Briefly, total RNA was extracted from 10^4^ PFFs, 50 MII oocytes or 50 pooled embryos at each stage using an RNeasy Mini Kit (Qiagen) according to the manufacturer\'s instructions, and the elution volume was 50 μl. Reverse transcription was performed using a PrimeScript RT Reagent Kit (TaKaRa). The 100 μl reaction volume contained 20 μl 5×PrimeScript Buffer, 5 μl PrimeScript RT Enzyme Mix I, 5 μl Oligo dT Primer (50 μM), 5 μl Random 6 mers (100 μM), 50 μl Total RNA and 15 μl RNase Free dH~2~O. The reaction condition was 37 °C for 15 min and 85 °C for 5 sec, and the cDNA was stored at -20 °C until use. For quantitative real-time PCR, reactions were performed in 96-well optical reaction plates (Applied Biosystems) using SYBR Premix ExTaq II (TaKaRa) and a 7500 Real-Time PCR System (Applied Biosystems). Each reaction mixture (20 μl) contained 2 μl cDNA solution, 10 μl 2×SYBR Premix Ex Taq II, 1.6 μl PCR primer (10 μM), 0.4 μl ROX Reference Dye II (50×) and 6 μl dH~2~O. Thermal cycling conditions were 95 °C for 30 sec, 40 two-step cycles of 95 °C for 5 sec and 60 °C for 34 sec, and finally a dissociation stage consisting of 95 °C for 15 sec, 60 °C for 1 min and 95 °C for 15 sec. For each sample, the cycle threshold (CT) values were obtained from three replicates. The primers used for amplification of target and internal reference genes were presented in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. The relative expression levels of target genes were analyzed using the 2^−ΔΔCT^ method.

Bisulfite sequencing {#s4_7}
--------------------

Bisulfite sequencing has been reported \[[@R15], [@R17]\]. Briefly, pooled samples were digested with Proteinase K (PK) and treated with sodium bisulfite to convert all unmethylated cytosine to uracil using an EZ DNA Methylation-Direct Kit (Zymo Research). For semen, the sperm was collected by centrifugation, washed in SMB solution (10 mM Tris-HCl, 10 mM EDTA, 50 mM NaCl and 2% SDS) and incubated in SMB solution supplemented with 40 mM dithiothreitol and 0.3 mg/ml PK at 56 °C for 1 h. For samples of 10^4^ PFFs, 800 MII oocytes and 200, 100, 200, 25 and 25 pooled zona pellucida-removed embryos at the 1-cell, 2-cell, 4-cell, 8-cell and blastocyst stages, respectively, in each group, digestion was performed in M-Digestion Buffer supplemented with PK at 50 °C for 20 min. After digestion, a CT (cytosine to thymine) conversion reagent was added at 98 °C for 10 min and 64 °C for 2.5 h. Then, the samples were desalted, purified and diluted with M-Elution Buffer. Subsequently, nested PCR was carried out to amplify the target regions of CenRep, Dnmt1, Oct4, Nanog and Sox2 using the primers described in [Supplementary Table 2](#SD2){ref-type="supplementary-material"} and Hot Start Taq Polymerase (TaKaRa) with a profile of 94 °C for 5 min, 45 cycles of 94 °C for 30 sec, the optimal primer annealing temperature for 30 sec and 72 °C for 1 min, followed by 72 °C for 10 min. Products from the first amplification reaction were used in the second PCR reaction. Then, the amplified products were verified by electrophoresis and purified using an Agarose Gel DNA Purification Kit (TaKaRa). The purified fragments were cloned into pMD18-T Vectors (TaKaRa) and subjected to sequence analysis.

Statistical analysis {#s4_8}
--------------------

Differences in data (mean ± SEM) were analyzed with the SPSS statistical software. Statistical analysis of data concerning embryo development, DNA methylation, gene expression and cell proliferation were performed with one-way ANOVA when there were three or more groups or t-test for two groups. For all analyses, differences were considered to be statistically significant when P\<0.05.
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SCNT

:   somatic cell nuclear transfer

IVF

:   *in vitro* fertilization

ZGA

:   zygotic gene activation

DMR

:   differentially methylated region

PFFs

:   porcine fetal fibroblasts

FBS

:   fetal bovine serum

DMEM

:   Dulbecco\'s modified Eagle\'s medium

PK

:   Proteinase K

SNP

:   single nucleotide polymorphism

COCs

:   cumulus-oocyte complexes

mTBM

:   modified Tris-buffered medium.
